Recent developments in ultrasonic motor design have demonstrated that small size tube-shaped motors could be fabricated at low cost. Motors with diameters between 15 and 2.5mm have been fabricated and tested. The performance evaluation of these motors is still in progress, but have already shown promising results: the smallest ones exhibit noload speeds in the range of 70rad/s and blocked torques close to 0.9mN·m.
INTRODUCTION
Piezoelectric ultrasonic motors display exceptional properties, such as high resolution and motion control, absence of parasitic magnetic fields, frictional locking at rest, and high thrust to weight ratio. These motors are good candidates for use in precision micromechanical systems. Medical applications such as, endoscopes and prosthetic devices could also benefit from miniature motors. Endoscopy techniques are replacing many surgical procedures. Instead of a critical surgery, a thin tube is inserted through a small slit and moved to the appropriate place in the body. Miniature motors would add additional functionality to such endoscopic procedures [1] .
Miniaturization of piezoelectric motors can be accomplished if the structure and driving circuit of these motors are simplified so that they can be manufactured at low cost. One of the most suitable structures for miniaturization of piezoelectric motors is multi-(or mixed-) mode excitation type piezoelectric motor. Exciting at least two orthogonal resonance modes of the stator vibrator generates elliptical motion on the stator surface. According to the shape of the stator, these orthogonal resonance modes may generate longitudinal-torsional [2, 3] radial-torsional [4] , translationalflexural [5] , longitudinal-flexural [6] , or flexural-flexural motions. The stators of these types of motors may have some additional elastic part, which is called a vibration coupler or a concentrator. Single mode vibration on the piezoelectric element is converted into multi mode vibration at the tip of the concentrator. Either exciting two different electrode groups one at a time or tuning the driving frequency of the stator vibrator to a different orthogonal frequency pair controls the rotation or direction of the linear motion. If multi-vibrators are used, either the vibration or orientation of the vibrators needs to be orthogonal. In this type of motor, superimposing two orthogonal single mode vibrations with a phase shift generates elliptical motion.
The motor presented in this paper is a multi-mode-single-vibrator excitation type, which uses two orthogonal bending modes of a hollow cylinder. Since the structure and poling configuration of the active piezoelectric elements used in the stator are simple, this motor structure is very suitable for miniaturization. Moreover, a single driving source can excite two bending modes at the same time, thus generate a wobble motion. This motor may find applications in the medical industry (endoscopes and prosthetic devices), mechatronics (miniature telerobotic), information devices (silent alarm) and horology.
Piezoelectric motors using bending vibrations of a square beam were first proposed by Williams and Brown in 1942. Their design included four piezoelectric rectangular plates bonded to the faces of a square elastic beam. A wobbling motion of this "stator" was generated at one end of the bar upon exciting piezoelectric elements by two voltage signals such as sine and cosine at a bending mode resonance frequency of the square beam. A rotor was then pressed against the stator's tip and a rotation was produced via frictional interaction between the contacting surfaces [7] .
Even though the principle and the structure of the piezoelectric motor proposed by Williams et al. is similar to more modern piezoelectric motors [8, 9, 10] , the original piezoelectric motor never became a commercial product due to the lack of high quality piezoelectric materials and high voltage-high frequency driving techniques.
STRUCTURE AND OPERATING PRINCIPLE
A square beam has two orthogonal bending modes whose resonance frequencies are equal to each other. The first bending mode frequencies in any direction for circular cylinders are also equal to each other. The stator of the motor presented in this study combines the circular and square cross-sections. The outside surface of a hollow metal cylinder was flattened on two sides at 90-degrees to each other and two uniformly electroded rectangular piezoelectric plates were bonded onto these two flattened surfaces ( Fig. 1(a) ). The basic configuration of the motor is shown in Fig. 1(b) . Since the stator is symmetric with respect to the x'-axis, the area moment of inertia about the principal axis is on the x'-axis. The area moment of inertia about the other principal axis is on the y'-axis. This causes the stator to have two degenerated orthogonal bending modes, whose resonance frequencies are close to each other. The split of the bending mode frequencies is due to the partially square/partially circular outside surface of the hollow cylinder. The orthogonal bending modes correspond to the minimum and maximum bending moment of inertia of the beam (stator). Since the piezoelectric plates are oriented by 45 o to the direction of minimum and maximum bending moment of inertia, driving one piezoelectric plate (while short circuiting the other to ground) at a frequency between the two orthogonal bending mode frequencies excites both modes, thus, causing the cylinder to wobble. When the other piezoelectric plate is driven at the same frequency, the direction of wobble motion is reversed. The assembled motor is shown in Fig. 2 . 
FINITE ELEMENT ANALYSIS AND OPTIMIZATION
The behavior of the free stator was simulated using ATILA [11] finite element. Tailoring dimensions of the metal and piezoelectric ceramics equated the two orthogonal bending mode frequencies of the stator. The piezoelectric plates on the surface of the cylinder were placed in such a way that one piezoelectric plate can excite the two orthogonal bending modes of the stator. Fig. 3(a) shows the two orthogonal bending mode shapes when only the plate on the x-axis (plate X) was excited, while the electrode of the plate Y was short-circuited. Wobble motion was generated on the cylinder when only one piezoelectric plate is excited between the two orthogonal bending modes frequencies ( Fig. 3(b) ). When the other piezoelectric plate was excited at the same frequency, the direction of wobble motion was reversed.
(a) (b) Figure 3 : (a) Two orthogonal mode shapes (71 and 74kHz) when plate in x-axis is excited, (b) Wobble motion in clockwise direction can be generated on the cylinder when plate in x-axis is excited. When the other piezoelectric plate is excited at the same frequency, the direction of wobble motion can be reversed.
More recent work on this structure has focused on optimization using a combination of finite element analysis and genetic algorithm (FEA+GA).
Genetic algorithms presume that the potential solution of any problem is an individual and can be represented by a set of parameters. These parameters are regarded as the "genes" of a "chromosome," which is a representation of the individual (Fig. 4) . The chromosome can be structured and is often represented by a string of values in binary form. A positive value, generally known as a "fitness" value, is used to reflect the degree of "fitness" of the chromosome for the problem. Clearly, the fitness value is closely related to the objective value, which reflects how well an individual performs. Throughout a genetic evolution, the fitter chromosome has a tendency to yield good quality "offspring," which means a better solution to the problem. A "population" pool of chromosomes has to be installed, and these can be randomly set initially. In each cycle of the genetic operation a subsequent "generation" is created from the chromosomes in the current population. Typically, this step involves three operators, "selection," "crossover" and "mutation," to direct the population towards convergence at the global optimum. The selection operator attempts to apply pressure upon the population in a manner similar to that of natural selection found in biological systems. Poorer performing individuals are weeded out and better performing, or fitter, individuals have a greater than average chance of promoting the information they contain within the next generation.
The crossover operator allows solutions to exchange information in a way similar to that used by a natural organism. The method consists of choosing pairs of individuals promoted by the selection operator, randomly selecting one or more points within the binary strings, and swapping the information (bits) from one point to another between the two individuals. The mutation operator is used to randomly change the value of single bits within individual strings. Excessive use of this operator may disrupt the evolution process.
The application of genetic algorithms to ultrasonic devices presents some difficulties. One of them concerns the coding of the genes, which may not always be regularly spaced integer numbers. For instance, design parameters usually correspond to the dimensions of the device. Eventually, these dimensions will be machined using traditional machineshop techniques, and will be subject to constraints such as the size availability of the raw materials and the tolerance limits of the machining equipment. Therefore, most problems require that design parameters be real numbers, and often, discrete values. Discrete values can easily be mapped into a lookup table that the algorithm can consult to code and decode the corresponding gene. A simple and efficient solution for real values consists of considering a tolerance on the parameter value.
A genetic algorithm code following the general rules described above has been programmed in object-oriented Pascal on a PC platform, and tested on several structures [12] . The connection between GA and FEA takes place as illustrated in Fig. 6 . The general flow diagram is similar to that of the genetic algorithm itself, except for the evaluation function, which is now more complex and includes the finite element analysis. It is important to emphasize at this point that the evaluation function may include more than a single finite element run. Indeed, to evaluate the performance of the stator of an ultrasonic motor, it is required to determine, in general, the resonance frequency of each participating mode, its electromechanical coupling factor, and the resulting motion produced at the contact interface. Usually, one or two modal analyses are required to determine the characteristics of the modes, and a harmonic analysis is necessary to determine the shape of the ellipse.
There is, therefore, more than one call to the finite element program (ATILA) for the evaluation of each individual. This increases the order of the algorithm rather significantly and may result in long computation times. To alleviate this problem, great care should be taken in minimizing the size and complexity of each finite element mesh. As a result, each finite element case may use a different mesh that enhances the computation time for that run.
Finally, the genetic algorithm provides some advantages with respect to parallel computation. It is clear that the evaluation of each individual, for instance, can take place independent of the other individuals. Therefore, on a multiprocessor environment, it is possible to evaluate two or more individuals in parallel. This parallelization feature was incorporated in our program.
The program that was developed to implement the technique presented above is rather general. The genetic algorithm itself does not require modifications from one problem to another. Only the general settings (population size, gene size, probabilities of crossover and mutation) can be modified depending on the problem at hand. The finite element mesh (or meshes) is, of course, problem dependent. However, using meta-functions (that we also developed) for the creation of the mesh makes it relatively easy to generate a mesh for any given problem, whether two-or three-dimensional.
Finally, the most sensitive part that must be modified for every problem is the function that evaluates the performance of each individual based on the finite element results obtained. Even for one given problem, this function may also depend on the type of result that is sought. Usually, this evaluation function will contain terms associated with the operating frequency of the stator, the electromechanical coupling factor associated with each participating mode, and the elliptical factor associated with the vibration. Other terms, such as stresses, mass, volume, etc. can also be added. In the case of this study, the FEA+GA procedure was aimed at determining the values of the design parameters that optimize the effective coupling coefficient as well as the frequencies of the two bending modes. For instance, in Fig. 7 are shown two examples obtained from the optimization procedure. As a function of the thickness of the piezoelectric elements, the effective coupling coefficient of the two modes can be adjusted. The same remark goes for the resonance frequencies of the modes. Finally, similar results could be reported for all the other design parameters.
A small version of the tube motor has been tested [13] and the results are summarized in the next section. The optimization work is currently in progress and addresses a variety of other structures. Results for these structures will be reported in future papers.
ASSEMBLING THE MOTOR
The stator of the prototype motor consists of a hollow metal tube (brass) with an outer diameter of 2.4 mm, an inner diameter of 1.6 mm, a length of 10 mm and two rectangular piezoelectric plates with dimensions, 10 mm in length, 2 mm in width and 0.5 mm in thickness. The outside surface of the metal cylinder was ground on two sides at 90-degrees to each other to obtain two orthogonal flat surfaces. The distance from the flat surface to the center of the tube was 1.0 mm. The PZT plates (APC841, APC International Ltd.), which were electroded uniformly and poled in the thickness direction, were bonded onto the flat orthogonal surfaces of the cylinder using an epoxy and cured at 60 0 C. The rotor was a cylindrical rod and it was pressed by a spring, by approximately 0.72 N pre-stress, using a pair of stainless steel ferrules.
As a first step to clarify the behavior of the stator, the admittance spectra of the free stator were measured. Fig. 8(a) and 8(b) show the magnitude and phase of the free stator when plate X or Y was excited. When plate X was excited while short-circuiting the electrode of plate Y to the ground, the stator had two degenerated bending mode resonance frequencies around 71.8 and 74.0 kHz. When plate Y was excited, the stator showed a similar behavior. The peak-to-peak displacement spectrum around the two orthogonal bending mode frequencies in the x and y-axes directions was also measured. A function generator (HP33120A) and a power amplifier (NF4010) were used to excite the stator. By exciting either plate X or plate Y, the vibration velocity in x and y-axes directions was measured with two Laser Fiber Optic Interferometers (Politec OFV-3001/OFV-311). The displacement spectrum in the x and y directions when only plate X was excited is shown in Fig. 9(a) . When only plate Y was excited, similar behavior was obtained and it is shown in Fig. 9(b) . The wobble motion in the xy-plane was also verified by measuring the magnitude of the vibration velocity in x and y directions at the same time. First, plate X was excited at frequencies of 70.7, 71.6, 72.2, 73, 74, 75, 76 kHz, with an input voltage of 112.0 V p-to-p. The elliptical displacements in x and y directions were then calculated using the vibration velocity data. The results are plotted in Fig. 10(a) . The measurements were repeated by exciting only plate Y and the results are shown in Fig. 10(b) . The interesting points here are: i) the direction of wobble motion when only plate X was excited was clockwise, and counterclockwise when only plate Y was excited, ii) the wobble motion, when only plate X was excited, was almost identical to the wobble motion when only plate Y was excited at the same frequency. In conclusion, the designed motor can be driven with a single AC source and exciting either plate X or Y, the direction of the rotation can be reversed.
MOTOR CHARACTERISTICS
The performance of the motor was measured using a transient characterization method, which was initially proposed by Nakamura [14] . The principle of this method is mounting a load (usually a disk whose moment of inertia is known) onto the motor, running the motor, and, finally, analyzing the transient speed obtained as a function of time. More explicitly, the angular acceleration of the motor is calculated from the speed measurement by Newton's second law. The transient torque is then calculated by multiplying the angular acceleration with the moment of inertia of the load. Using this method, the starting transient response of the motor gives the speed-torque relation. Similarly, the friction coefficient between the rotor and the stator can be estimated from the transient response for stopping the motor. The load, a metal disk (60g) with a diameter of 34mm and moment of inertia (8.6kg⋅mm
2 ) was mounted onto the stator. The motor was then driven with an AC voltage of 120 V at 69.5 kHz. The position of the rotating disk was detected through an optical encoder (US Digital HEDS-9100-S00). The transient position data were then converted into voltage signal using a frequency-to-voltage converter.
Since the output voltage of the converter is proportional to the input frequency, the speed of the motor was obtained with a simple gain factor. The transient speed of the motor under loaded condition is shown in Fig. 11 when plate X is excited. The angular acceleration of the motor was estimated using the derivative of the angular speed. Finally, the transient torque was calculated by multiplying the angular acceleration with the moment of inertia of the rotating disk. The steady state speed reached 86 rad/sec in 7 sec. The load characteristics of the motor were obtained by plotting the transient speed as a function of transient torque (Fig. 12) . Same results were obtained when plate Y was excited.
A starting torque of 1.8 mNm at 120 Volt is similar to other bulk piezoelectric cylindrical type micro motors in literature and almost one order of magnitude higher than that of a thin film motor with a similar size [15, 16, 17] . The product of output torque with output speed gives the output power. A maximum power of 60 mW was obtained at a speed of 60 rad/sec and a torque of 1 mNm. The efficiency curve that was obtained by dividing the output mechanical power to input electrical power is also shown in Fig. 9 . It is directly proportional to the product of torque and angular velocity and inversely proportional to the input power, which is the product of voltage and current waveforms. The maximum efficiency of 25 % at 120 V is similar to other bulk cylindrical type micro piezoelectric motor [17] .
CONCLUSION
This paper presented the design of a new Multi-Mode-Single-Vibrator type piezoelectric motor. The rotation of this motor takes place by exciting two orthogonal bending modes of a hollow cylinder. We also showed how the finite element analysis and genetic algorithm (FEA+GA) procedure could be used to design the motor to specific operarting conditions.
